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Abstract
Lower extremity amputation (LEA) is a life-altering complication of diabetes. The goal of our
study was to investigate the possibility that genetic variation in neuronal nitric oxide synthase
associated protein (NOS1AP) is associated with LEA and diabetic peripheral neuropathy (DPN).
Our work used data from the Chronic Renal Insufficiency Cohort (CRIC) study. CRIC is a
multicenter investigation undertaken to pursue the relationship between chronic renal
insufficiency and cardiovascular disease. We evaluated 3,040 CRIC study subjects, 1,490
individuals were African-Americans and 1,550 were whites. LEA occurred in 162 (5.3%) subjects,
93 (6.2%) of African-Americans and 69 (4.4%) of whites. In whites, NOS1AP SNP rs1963645
was most strongly associated with LEA (1.73 (1.23, 2.44)). In African-Americans three NOS1AP
SNPs were associated with LEA: rs6659759 (1.65 (1.21, 2.24)); rs16849113 (1.58 (1.16, 2.14));
rs880296 (1.54 (1.14, 2.10)). We tested a subset of 100 CRIC participants for DPN using Simmes-
Weinstein filaments. DPN in those with diabetes was associated with rs1963645 (16.97 (2.38,
120.97)) in whites and rs16849113 and rs6659759 (3.62 (1.11, 11.83) and 3.02 (0.82, 11.12)
respectively) in African-Americans. In conclusion, this is one of the first studies to show that
NOS1AP gene variants are associated with DPN and LEA.
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INTRODUCTION
Lower extremity amputation (LEA) is an expensive and life altering complication of
diabetes. In 2009, among those enrolled in Medicare, LEA was associated with yearly costs
between $30,000 and $60,000 and was associated with a 20% annual increased risk of
mortality (1,2). Rates of LEA have decreased over the past 10 years but the risk of
amputation varies substantially by race/ethnic group, sex, and geographic location(2). About
34% of those who have an amputation will have a second more extensive one within 16
weeks of their initial amputation(3).

Individuals with diabetes develop LEA for many reasons. Most are due to the development
of a foot ulcer and the failure of that foot ulcer to heal. Studies have shown that about 90%
of individuals with LEA had a history of a foot ulcer and the foot ulcer is most often
associated with peripheral vascular disease (PVD) and/or diabetic peripheral neuropathy
(DPN) of the lower extremity (4,5). DPN of the foot leads to loss of protective sensation
(LOPS) doubling the likelihood of developing a foot ulcer and tripling the risk of a lower
extremity amputation (LEA)(2,5-7). LOPS/DPN is also associated with the loss of ankle
reflex and the loss of musculature of the leg and foot, thereby resulting in a foot strike that
causes the foot to bear excessive and repeated trauma while walking. The mere act of
walking on an insensate foot can result in skin damage leading to a wound. Studies in mice
have also demonstrated that loss, or alterations, of peripheral innervation profoundly affects
the ability of the animal to repair cutaneous wounds(8). Beyond clinical examinations and
assessments of vascular flow, there are no objective markers with which to assess the risk
for a LEA. Consequently, identification of genetic variations associated with increased risks
would have great value in clinical management of those with diabetes.

An interesting candidate gene is neuronal nitric oxide synthase associated protein, NOS1AP
(1q23.3). NOS1AP encodes a cytosolic protein that binds to neuronal nitric oxide synthase
(gene-NOS1 or protein-nNOS) via an N-terminal phosphotyrosine binding (PDZ) domain
(9). NOS1AP, stabilizes nNOS potentiating its subcellular influence(9). As a result
NOS1AP enhances the activity of nNOS to activate and bind to G-proteins(9). Interactions
between nNOS and NOS1AP and NOS1AP direct interactions may explain the findings that
genetic variation of NOS1AP have been associated with cardiac arrhythmia, schizophrenia
as well as inconsistently with diabetes(10-15).

The goal of our study was to investigate the possibility that genetic variation in NOS1AP is
associated with LEA, and to evaluate whether this association could be related to LOPS,
which appears to be part of the causal pathway to LEA(5). Our work used data from the
Chronic Renal Insufficiency Cohort (CRIC) study, an NIH-sponsored cohort study of
individuals with chronic kidney disease (CKD)(16-18). The CRIC study has collected data
on lower extremity amputation during yearly examinations.

METHODS
POPULATION

CRIC is a multicenter investigation undertaken to pursue the relationship between chronic
renal insufficiency and cardiovascular disease (19,20). The CRIC clinical research centers
are located at the University of Pennsylvania, Johns Hopkins University/University of
Maryland, Case Western Reserve University, University of Michigan, University of Illinois-
Chicago, Tulane University Health Science Center, and Kaiser Permanente of Northern
California/University of California at San Francisco. All subjects are examined at their local
CRIC site each year. Briefly, the yearly visit includes history, physical, and laboratory
evaluations focused on factors that might contribute to or explain rate of progressive loss of
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kidney function in CKD and its relation to the progression of chronic renal insufficiency and
atherosclerotic vascular disease. These evaluations include information on lower extremity
amputation, lower extremity peripheral vascular disease (PVD), diabetes, initial hemoglobin
A1c (HgbA1c), gender, race/ethnicity, age, body mass index, estimated glomerular filtration
rate (eGFR), and ankle brachial index. All subjects enrolled in CRIC had decreased kidney
function as defined by the Modification of Diet in Renal Disease equation(21). About half of
the CRIC participants have diabetes. We received the dataset from CRIC August 2011.

Additional evaluations—A routine diabetic foot examination is not conducted on CRIC
subjects. Hence, in order to test our hypothesis we conducted a standard evaluation of lower
extremity sensation using single-use 10 gram 5.07 level tactile monofilament evaluator
(Semmes-Weinstein filaments) on 100 consecutive CRIC subjects seen at the University of
Pennsylvania. This study was approved by the CRIC Steering Committee and the University
of Pennsylvania's Institutional Review Board. At the study visit, subjects consented to
participate in the lower extremity sensation exam. All subjects who were approached agreed
to participate. All subjects were evaluated in a supine position. The coordinator conducting
the filament testing was blind to all phenotypic and genetic information. Individuals with a
previous history of amputation were excluded from evaluation. With their eyes closed,
subjects were asked to respond by saying “yes” if they felt the monofilament on either foot.
The investigator tested the plantar surface of the 1st, 3rd and 5th metatarsal head of each foot
and the plantar surface of the great and 4th toe on both the right and left foot. Monofilaments
are constructed to buckle when force is applied; loss of the ability to detect this pressure at
one or more sites on either foot was recorded as LOPS.

Genetic Variation—Subjects who agreed to participate in the CRIC study were separately
consented by CRIC to participate in studies of their genetic variation. Available genotype
information of CRIC participants was derived from the ITMAT-Broad-CARe array (IBC)
chip, which spans approximately 50,000 single nucleotide polymorphisms (SNP) within
selected genes and is described in more detail elsewhere(17). From the IBC chip, we a priori
selected SNP markers for evaluation for their potential association with wound repair and
oxidative stress. Specifically, NOS1AP was selected because of its potential association with
neuronal growth, oxidative stress, and cardiovascular disease(10,11). In addition, because
neuropathy and foot ulcers are somewhat common among those with diabetes, we a priori
selected only SNP markers with a minor allelic frequency of greater than 30%. Based on
these criteria, we evaluated a total of 44 NOS1AP SNPs for the white cohort and 51
NOS1AP SNPs for the African American cohort from the IBC chip(17).

Genetically inferred race/ethnicity previously was determined by CRIC investigators using
principal components analyses as described in Price et al (22). Thus, we received NOS1AP
genotypes within the following four categories: non-Hispanic white, non-Hispanic black,
Hispanic, and Asian/other. Due to sample size concerns, we only studied non-Hispanic
white (aka whites) and non-Hispanic black (aka African-Americans). All CRIC data were
evaluated separately based on these groupings.

Analysis—We estimated allelic and genotypic frequencies for each SNP. Chi-squared tests
were conducted to determine whether the allelic distributions at each locus were in Hardy-
Weinberg equilibrium (HWE). Our primary goal was to estimate the association of common
NOS1AP SNPs first with respect to LEA and then to use these data to evaluate the potential
for an association with respect to LOPS in the 100 subjects tested from the UPENN CRIC
cohort subset. Tests of association between SNPs and binary outcomes were conducted
using chi-squared tests and logistic regression (assuming an additive genetic model) using
PLINK and STATA (version 12.1, College Station, TX), as appropriate. Because this was an
exploratory analysis, we used a cut-off of p≤ 0.05 and the criteria listed above for
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determining which SNPs we would evaluate with respect to LOPS. False-discovery rate
corrected P-values (Pcorr) are presented for the primary associations of LEA among those
with diabetes (23). We did not correct the LOPS P-values for multiple comparisons because
this was an exploratory analysis intended to identify specific NOS1AP SNPs for future
investigation.

To investigate haplotype blocks within the gene of interest, LD heat maps were generated
using Haploview(24). The EM algorithm was used to estimate haplotype frequencies and
haplotype association tests were conducted using Schaid's generalized linear models
approach using the program haplo.stats in R version 2.13. Haplotype-specific tests, to test
the association between each haplotype and disease status, were conducted using
haplo.glm(25). We created only two custom haplotype blocks, one each for those classified
as whites and African-Americans

RESULTS
Our CRIC study sample consisted of 3,040 study subjects, of which1,490 individuals were
African-American and 1,550 individuals were white (Table 1). Overall, LEA occurred in162
(5.3%) of which 93 (6.2%) individuals were African-American and 69 (4.4%) individuals
were white. Diabetes was diagnosed in 46% of our CRIC sample. Furthermore, 47.7% were
female, 7.4% had a clinical history of PVD, and 13.0% had an ankle brachial index of less
than 0.90. The mean values for age at enrollment, BMI, and eGFR were 58.6 years (sd 10.8),
32.3 KG/m2 (sd 7.9), and 43.7 ml/min/1.73m2 (sd 13.3), respectively. More detailed
information is presented in Table 1. Participants with diabetes (Odds Ratio: 8.18 (95%
Confidence Interval: 5.19, 12.90)), PVD (9.34 (6.50,13.42)), lower ABI (0.32 (0.14,0.74)),
and diminished eGFR (0.97 (0.96,0.98)) were more likely to have LEA.

In whites, rs1963645 most strongly associated with LEA (see Tables 2 and 3). Carriers of
the rs1963645 G-allele were nearly two times [1.73 (1.23, 2.44) p=0.002, pcorr=0.061 and in
just those with diabetes; 1.90 (1.29, 2.81), p=0.001] more likely to have an LEA. This
variant is located at 1:162333990, is an upstream variant (A>G substitution), has an allelic
frequency of 38.5%, and was in HWE. We also conducted an adjusted analysis using the
following potential confounders: age, diabetes, sex, BMI, HgbA1c, PVD and eGFR. The
results were similar to that of the unadjusted analysis [1.80 (1.21, 2.67)]. In those who did
not have diabetes, rs1963645 was not found to be associated with LEA [1.13 (0.48, 2.64)];
however this was based on only 11 LEA outcomes Further, rs1963645 was not found to be
significantly associated with diabetes [OR: 1.04 (0.90, 1.21)].

In African-Americans with diabetes, three SNPs were associated with LEA (see Tables 2
and 3). Carriers of the rs6659759 C-allele were about 65 percent more likely to have a lower
extremity amputation in the full African-American cohort [1.65 (1.21, 2.24), p=0.001 and
pcorr=0.074] and in just those with diabetes [1.70 (1.21, 2.39), p=0.002]. This variant was
located at 1:162037609, had an allelic frequency of 35.4%, was an upstream variant (T>C
substitution), and was in HWE. The adjusted results [1.64 (1.13, 2.39)] were similar to that
of the unadjusted analysis. The SNP was not associated of having diabetes [0.96 (0.82,
1.12)]. African-American carriers of the rs16849113 T-allele were about 50 percent more
likely to have a lower extremity amputation [1.58 (1.16, 2.14), p=0.003 and pcorr=0.093] as
well as in just those with diabetes [1.59 (1.14, 2.22), p=0.006]. This variant was located at
1:162040878, had an allelic frequency of 44.5%, was intronic (C>T substitution), and was in
HWE. The adjusted results [1.60 (1.20, 2.32)] were similar to that of the unadjusted
analysis. The SNP was not associated with diabetes [1.01 (0.88, 1.18)].Carriers of the
rs880296 G-allele were about 50 percent more likely to have a lower extremity amputation
[1.54 (1.14, 2.10), p=0.005 and pcorr =0.11] and in those with diabetes [1.49 (1.07, 2.09),
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p=0.02]. This variant was located at 1:162128446, had an allelic frequency of 35.5%, was an
intronic variant (C>G substitution), and was in HWE. The results were similar to that of the
unadjusted analysis [1.77 (1.23, 2.57)]. It was not predictive of having diabetes [1.08 (0.93,
1.26)]. Although there were very few LEA outcomes in those without diabetes (N=11), these
variants were not predictive of LEA in those who did not have diabetes.

In a haplotype analysis of whites, a haplotype block of 5 SNPs including the SNP most
significant in single SNP analysis was inferred. This block included rs7521206 (C>G),
rs17428733 (T>A), rs1963645 (A>G), rs905720 (C>T), and rs1964052 (C>T). The
haplotype GTACC was significantly associated with LEA in the unadjusted analysis as well
as in the analysis adjusted for covariates. It had a frequency of 35.8% overall, and was noted
in 27.6% of those with LEA and 36.1% of those without LEA, suggesting a protective effect
(OR (crude) = 0.56, 95% CI [0.37, 0.84], p=0.005; OR (adjusted) = 0.54, 95% CI [0.35,
0.83], p=0.006). In African-Americans, a haplotype block consisting of 5 SNPs, which
included two of the three SNPs that were associated with LEA in the single SNP analysis,
was constructed. This block comprised of the following 5 SNPs: rs6659759 (T>C),
rs10918602 (T>C), rs10800279 (T>C), rs1123217(C>G), and rs16849113 (C>T). Two
haplotypes, CTCCT and CTTCT were individually associated with LEA in the unadjusted
analysis as well as in the analysis adjusted for covariates. The haplotype CTCCT had a
frequency of 16.1% overall and was noted in 22.2% of those with LEA and 15.7% of those
without LEA, suggesting a deleterious effect (OR (crude) = 2.0, 95% CI [1.3, 3.2], p=0.004;
OR (adjusted) = 2.3, 95% CI [1.3, 4.0], p=0.005). The haplotype CTTCT had a frequency of
8.3% overall and was noted in 12.1% of those with LEA and 8.1% of those without LEA,
again suggesting a deleterious effect (OR (crude) = 2.1, 95% CI [1.2, 3.6], p=0.01; OR
(adjusted) = 2.2, 95% CI [1.1, 4.4], p=0.02).

In order to better understand the etiology of the association between LEA and these SNPs,
LOPS using Simmes-Weinstein filaments was determined in 100 consecutive subjects (47
whites, 50 African-Americans, and 3 others) during their yearly examination at the UPENN
CRIC study site (see Tables 4 and 5). The data from three subjects who were not white or
African-American were not analyzed and are not presented here because of the small sample
size Among whites, 16 (34%) were not able to perceive protective sensation at one or more
sites on their feet. Of those with diabetes 46% (12 of 26 subjects) had LOPS. LOPS was also
noted in 19% (4 of 21) of those who did not have diabetes (i.e. those without diabetes but
with CKD). Among diabetics, those with the variant allele of rs1963645 were almost
seventeen times more likely to have LOPS [16.97 (2.38, 120.97)] as compared to those
without the allele. Among African-Americans, 26 (52%) were not able to perceive sensation
at one or more sites. Of those with diabetes, 60% (18 of 30 subjects) had LOPS. LOPS was
also noted in 40% (8 of 20 subjects) of those who did not have diabetes. Among diabetics,
subjects with the variant alleles of rs16849113 and rs6659759 were nearly 4 and 3 times
more likely to have LOPS (3.62 [1.11, 11.83] and 3.02 [0.82, 11.12]) respectively; rs880296
was not associated with LOPS (1.56 [0.51, 4.77]).

Discussion
We hypothesized that genetic variation of NOS1AP gene in association with diabetes was
associated with DPN and thus with LEA. We observed four genetic variants of NOS1AP,
rs1963645 in the white cohort and rs16849113, rs6659759, and rs880296 in the African-
American with diabetes cohort that were associated with at least a 50% increased risk of
LEA. With respect to LOPS, a marker for diabetic peripheral neuropathy, we observed that
rs1963645 and rs16849113 increased the risk of LOPS nearly 17 and 4 times respectively.
To the best of our knowledge, this is the first study to observe a genetic association with
DPN in those with diabetes.
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Diabetic neuropathy refers to several syndromes that include diffuse (e.g., distal symmetric
sensorimotor polyneuropathy (e.g., DPN and LOPS) and diabetic autonomic neuropathy)
and focal (e.g., mononeuropathy, plexopathy, radiculopathy, etc.) neuropathies (6,26-28).
These neuropathies can result in loss of sensation, pain syndromes, cardiovascular disease,
gastrointestinal disease, genitourinary disease, decreased mobility, erectile dysfunction, poor
wound healing, and limb amputation (6,26-28). Diabetic peripheral neuropathy is one of the
most common long-term consequences of diabetes and can lead to the loss of protective
sensation of the extremities (6,27,28). Only 20 to 50% of those with diabetes will have DPN
and develop LOPS(6). Individuals with diabetes and DPN leading to LOPS are more than
twice as likely to develop a foot ulcer and three times more likely to have an LEA(5,29,30).
In fact some have suggested that DPN/LOPS is in the causal pathway to the development of
foot ulcers and ultimately LEA(5). It has been hypothesized that DPN occurs as a
consequence of persistent hyperglycemia or due to glyclation endproduct accumulation
resulting in oxidative stress producing nerve injury (31,32). It is, however, not clear whether
intensive treatment resulting in tight glycemic control prevents DPN and LOPS (6,7,33).
Finally, it is important to realize that not all individuals with diabetes develop lower
extremity wounds, LEA, DPN, or PVD. Our findings might help to explain these
observations in that only those with a genetic predisposition (i.e. those with the above
identified NOS1AP genetic variation) in the setting of hyperglycemia or, perhaps, some
other metabolic stressor will develop neuropathy.

Ultimately, the risk of LEA in those with diabetes is dependent on wound factors,
comorbidities like chronic kidney disease and peripheral vascular disease, as well as gender,
race/ethnicity and many other personal, social, and demographic factors(34-39). In our study
we observed that genetic variation in NOS1AP is associated with LEA. More specifically,
rs1964052 and rs16849113 are common SNPS associated with LEA but even more strongly
associated with DPN as defined by LOPS in whites and African-Americans respectively.
Based on haplotype analysis these SNPs represent potentially important areas of future
genetic exploration. Because these variants are common in the HapMap studied populations
and CRIC, we speculate (though we lack empirical evidence) that these NOS1AP variants
do not result in an absence of a nNOS effect but a diminished effect that synergistically
interacts with other metabolic impairments like diabetes or CKD to increase the risk of
neuropathy ultimately leading to LEA.

It is interesting to note that in our study of 100 UPENN subjects with CKD, LOPS was
noted in 19% of non-diabetic whites and 40% of non-diabetic African-Americans. Our study
was not designed to precisely evaluate this finding. LOPS is not commonly studied in those
with CKD. However, foot problems, foot ulcers, and LEA are very common among those
with end-stage renal disease (40). Interestingly, a previous study reported that about 36% of
those with CKD who did not have diabetes had LOPS(41). Future studies should more
carefully examine this potentially important clinical issue.

There are limitations to our study. First, in order to rule out spurious associations, studies of
genetic variation need to be confirmed in other populations. Our study is exploratory and
was not designed to find the “causal” genetic variant. However, it is important to remember
that the association with our final outcome (LOPS) was based on variants pre-screened for
association with LEA. Only four SNPs of interest were evaluated independently with respect
to LOPS. These analytic decisions were all made a priori. As a result, it is unlikely that our
findings were due to false discovery. In addition, the sample size for the LOPS evaluation
was small. Second, it is possible that our LOPS testing was not definitive. Many different
techniques are used to determine if a patient has LOPS. Simmes-Weinstein filaments are
commonly used but more specific and sensitive tests are available and we encourage their
use in future studies(42). However, in our study, the investigator conducting the testing was
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unaware of the genetic status of the study subject. Further, Simmes-Weinstein filaments,
which may not be the gold standard test for DPN, it is certainly an adequate test and
commonly used as a neuropathy test in clinical practice. Importantly, in our study the
investigator conducting testing was unaware of the genetic status of the study subject. Third,
a few large GWAS studies have linked variation in NOS1AP to type 2 diabetes but these
findings have not been consistent(43). At least one study had concluded that the association
at best was weak(44). In our study we did not find an association between our candidate
SNPs and diabetes. A potential reason for the previously described weak association might
be that NOS1AP is not associated with diabetes per se but with a complication of diabetes
(i.e., DPN/LOPS) that increased the likelihood for a subject to be in a cohort for genetic
testing. While many studies of genetic variation and diabetes have been completed, we were
not able to find any that specifically evaluated NOS1AP genetic variation and neuropathy.
Finally, the clinical reasons for LEA do vary by healthcare provider and patient. The
decision to amputate likely includes the failure of a wound to heal as well as other important
health concerns. We cannot precisely determine which part of this process is influenced by
NOS1AP, but since genetic variants in NOS1AP are associated with both LEA and LOPS
while being unknown to both the patient and the healthcare provider, it is unlikely to be
associated with practice variation or patient acceptance of therapy.

In conclusion, we present the first potential association between genetic variation and DPN.
We also show that NOS1AP, a gene that has been weakly associated with type 2 diabetes,
may be associated with LEA in those with diabetes. It is possible that in previous studies,
the association with diabetes was biased due to an unintended oversampling of those with
diabetic complications. Though not definitive, our results are the first step in furthering our
understanding of genetic variation, diabetes and lower limb peripheral neuorpathy. Larger
studies are needed to replicate these findings. Future studies should also include isolation of
the mutant protein(s), confirmation of the function of the NOS1AP protein both mutant and
wild type, and then ultimately the development of agents that can alter the activity of
NOS1AP thereby changing the clinical course of DPN.
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HWE Hardy-Weinberg equilibrium

IBC ITMAT-Broad-CARe array chip

LEA Lower extremity amputation

LOPS Loss of protective sensation

MAF Minor allelic frequency

nNOS neuronal nitric oxide synthase

NOS1AP neuronal nitric oxide synthase associated protein

OR odds ratio

Pcorr Corrected P-values

PVD Peripheral vascular disease

SNP Single nucleotide polymorphisms

sd Standard deviation

T Thymine

Reference List
1. Margolis, D.; Malay, DS.; Hoffstad, OJ.; Leonard, CE.; MaCurdy, T.; Lopez de Nava, K.; Tan, Y.;

Molina, T.; Siegel, KL. Economic burden of diabetic foot ulcers and amputations among Medicare
beneficiaries, 2006 to 2008. Agency for Healthcare Research and Quality; Rockville, MD: 2010.

2. Margolis DJ, Hoffstad O, Nafash J, Leonard CE, Freeman CP, Hennessy S, Wiebe DJ. Location,
location, location: geographic clustering of lower-extremity amputation among medicare
beneficiaries with diabetes. Diabetes Care. 2011; 34(11):2363–7. [PubMed: 21933906]

3. Malay DS, Margolis DJ, Hofstad O, Bellamy S. The incidence and risks of failure to heal following
lower extremity amputation for the treatment of diabetic neuropathic foot ulcer. Journal of Foot &
Ankle Surgery. 2006; 45:366–75. [PubMed: 17145461]

4. Boulton AJ, Kirsner RS, Vileikyte L. Clinical practice. Neuropathic diabetic foot ulcers. New
England Journal of Medicine. 2004; 351(1):48–55. [Review] [54 refs]. [PubMed: 15229307]

5. Reiber GE, Vileikyte L, Boyko EJ, del Aguila M, Smith DG, Lavery LA, Boulton AJ. Causal
pathways for incident lower-extremity ulcers in patients with diabetes from two settings. Diabetes
Care. 1999; 22(1):157–62. [PubMed: 10333919]

6. Edwards JL, Vincent AM, Cheng HT, Feldman EL. Diabetic neuropathy: mechanisms to
management. Pharmacology & Therapeutics. 2008; 120(1):1–34. [Review] [600 refs]. [PubMed:
18616962]

7. Boulton AJ. Diabetic neuropathy: classification, measurement and treatment. Current Opinion in
Endocrinology, Diabetes & Obesity. 2007; 14(2):141–5. [Review] [42 refs].

8. da Silva L, Carvalho E, Cruz MT. Role of neuropeptides in skin inflammation and its involvment in
diabetic wound healing. Expert Opin Biol Ther. 2010; 10(10):1427–39. [PubMed: 20738210]

9. Kone BC, Kuncewicz T, Zhang W, Yu Z. Protein interactions with nitric oxide synthases:
controlling the right time, the right place, and the right amount of nitric axide. Am J Physiol Renal
Physiol. 2003; 285:F178–F190. [PubMed: 12842859]

10. Lu J, Hu C, Hu W, Zhang R, Wang C, Qin W, Yu W, Xiang K. A common variant of NOS1AP is
associated with QT interval duration in a Chinese population with Type 2 diabetes. Diabetic
Medicine. 2010; 27(9):1074–9. [PubMed: 20722683]

11. Hadzimichalis NM, Previtera ML, Moreau MP, Li B, Lee GH, Dulencin AM, Matteson PG,
Buyske S, Millonig JH, Brzustowicz LM, Firestein BL. NOS1AP protein levels are altered in
BA46 and cerebellum of patients with schizophrenia. Schizophrenia Research. 2010; 124(1-3):
248–50. [PubMed: 20605702]

Margolis et al. Page 8

Wound Repair Regen. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



12. Carrel D, Du Y, Komlos D, Hadzimichalis NM, Kwon M, Wang B, Brzustowicz LM, Firestein
BL. NOS1AP regulates dendrite patterning of hippocampal neurons through a carboxypeptidase E-
mediated pathway. Journal of Neuroscience. 2009; 29(25):8248–58. [PubMed: 19553464]

13. Crotti L, Monti MC, Insolia R, Peljto A, Goosen A, Brink PA, Greenberg DA, Schwartz PJ,
George AL Jr. NOS1AP is a genetic modifier of the long-QT syndrome. Circulation. 2009;
120(17):1657–63. [PubMed: 19822806]

14. Kao WH, Arking DE, Post W, Rea TD, Sotoodehnia N, Prineas RJ, Bishe B, Doan BQ,
Boerwinkle E, Psaty BM, Tomaselli GF, Coresh J, Siscovick DS, Marban E, Spooner PM, Burke
GL, Chakravarti A. Genetic variations in nitric oxide synthase 1 adaptor protein are associated
with sudden cardiac death in US white community-based populations. Circulation. 2009; 119(7):
940–51. [PubMed: 19204306]

15. Prokopenko I, Zeggini E, Hanson RL, Mitchell BD, Rayner NW, Akan P, Baier L, Das SK, Elliott
KS, Fu M, Frayling TM, Groves CJ, Gwilliam R, Scott LJ, Voight BF, Hattersley AT, Hu C,
Morris AD, Ng M, Palmer CN, Tello-Ruiz M, Vaxillaire M, Wang CR, Stein L, Chan J, Jia W,
Froguel P, Elbein SC, Deloukas P, Bogardus C, Shuldiner AR, McCarthy MI, International T.
Linkage disequilibrium mapping of the replicated type 2 diabetes linkage signal on chromosome
1q. Diabetes. 2009; 58(7):1704–9. [PubMed: 19389826]

16. Lash JP, Go AS, Appel LJ, He J, Ojo A, Rahman M, Townsend RR, Xie D, Cifelli D, Cohan J,
Fink JC, Fischer MJ, Gadegbeku C, Hamm LL, Kusek JW, Landis JR, Narva A, Robinson N, Teal
V, Feldman HI, Chronic Renal Insufficiency Cohort (CRIC) Study Group. Chronic Renal
Insufficiency Cohort (CRIC) Study: baseline characteristics and associations with kidney function.
Clinical Journal of The American Society of Nephrology: CJASN. 2009; 4(8):1302–11. [PubMed:
19541818]

17. Keating BJ, Tischfield S, Murray SS, Bhangale T, Price TS, Glessner JT, Galver L, Barrett JC,
Grant SF, Farlow DN, Chandrupatla HR, Hansen M, Ajmal S, Papanicolaou GJ, Guo Y, Li M,
Derohannessian S, de Bakker PI, Bailey SD, Montpetit A, Edmondson AC, Taylor K, Gai X,
Wang SS, Fornage M, Shaikh T, Groop L, Boehnke M, Hall AS, Hattersley AT, Frackelton E,
Patterson N, Chiang CW, Kim CE, Fabsitz RR, Ouwehand W, Price AL, Munroe P, Caulfield M,
Drake T, Boerwinkle E, Reich D, Whitehead AS, Cappola TP, Samani NJ, Lusis AJ, Schadt E,
Wilson JG, Koenig W, McCarthy MI, Kathiresan S, Gabriel SB, Hakonarson H, Anand SS, Reilly
M, Engert JC, Nickerson DA, Rader DJ, Hirschhorn JN, Fitzgerald GA. Concept, design and
implementation of a cardiovascular gene-centric 50 k SNP array for large-scale genomic
association studies. PLoS ONE [Electronic Resource]. 2008; 3(10):e3583.

18. Isakova T, Anderson CA, Leonard MB, Xie D, Gutierrez OM, Rosen LK, Theurer J, Bellovich K,
Steigerwalt SP, Tang I, Anderson AH, Townsend RR, He J, Feldman HI, Wolf M, Chronic Renal
Insufficiency Cohort (CRIC) Study Group. Diuretics, calciuria and secondary hyperparathyroidism
in the Chronic Renal Insufficiency Cohort. Nephrology Dialysis Transplantation. 2011; 26(4):
1258–65.

19. Townsend RR, Anderson AH, Chen J, Gadebegku CA, Feldman HI, Fink JC, Go AS, Joffe M,
Nessel LA, Ojo A, Rader DJ, Reilly MP, Teal V, Teff K, Wright JT, Xie D, Townsend RR,
Anderson AH, Chen J, Gadebegku CA, Feldman HI, Fink JC, Go AS, Joffe M, Nessel LA, Ojo A,
Rader DJ, Reilly MP, Teal V, Teff K, Wright JT, Xie D. Metabolic syndrome, components, and
cardiovascular disease prevalence in chronic kidney disease: findings from the Chronic Renal
Insufficiency Cohort (CRIC) Study. American Journal of Nephrology. 2011; 33(6):477–84.
[PubMed: 21525746]

20. Feldman HI, Appel LJ, Chertow GM, Cifelli D, Cizman B, Daugirdas J, Fink JC, Franklin-Becker
ED, Go AS, Hamm LL, He J, Hostetter T, Hsu CY, Jamerson K, Joffe M, Kusek JW, Landis JR,
Lash JP, Miller ER, Mohler ER III, Muntner P, Ojo AO, Rahman M, Townsend RR, Wright JT,
Chronic Renal Insufficiency Cohort (CRIC) Study Investigators.; Feldman HI, Appel LJ, Chertow
GM, Cifelli D, Cizman B, Daugirdas J, Fink JC, Franklin-Becker ED, Go AS, Hamm LL, He J,
Hostetter T, Hsu CY, Jamerson K, Joffe M, Kusek JW, Landis JR, Lash JP, Miller ER, Mohler
ER, Muntner P, Ojo AO, Rahman M, Townsend RR, Wright JT, Chronic Renal Insufficiency
Cohort (CRIC) Study Investigators. The Chronic Renal Insufficiency Cohort (CRIC) Study:
Design and Methods. Journal of the American Society of Nephrology. 2003; 14(7 Suppl 2):S148–
S153. [PubMed: 12819321]

Margolis et al. Page 9

Wound Repair Regen. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



21. Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D. A more accurate method to estimate
glomerular filtration rate from serum creatinine: a new prediction equation. Modification of Diet in
Renal Disease Study Group.[see comment]. Annals of Internal Medicine. 1999; 130(6):461–70.
[PubMed: 10075613]

22. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D. Principal components
analysis corrects for stratification in genome-wide association studies. Nature Genetics. 2006;
(38):904–9. [PubMed: 16862161]

23. Benjamini Y, Yekutieli D. The control of the false discovery rate in multiple testing under
dependency. Annals of Statistics. 2001; 29:1165–88.

24. Barrett JC, Fry B, Maller J, Daly MJ. Haploview: analysis and visualization of LD and haplotype
maps. Bioinformatics. 2005; 21:263–5. [PubMed: 15297300]

25. Lake S, Lyon H, Silverman E, Weiss S, Laird N, Schaid D. Estimation and tests of haplotype-
environment interaction when linkage phase is ambiguous. Human Heredity. 2003; 55:56–65.
[PubMed: 12890927]

26. Vileikyte L, Rubin RR, Peyrot M, Gonzalez JS, Boulton AJ, Ulbrecht JS, Cavanagh PR. Diabetic
feet. British Journal of General Practice. 2009; 59(561):290. [PubMed: 19341560]

27. Boulton AJ, Malik RA. Neuropathy of impaired glucose tolerance and its measurement. Diabetes
Care. 2010; 33(1):207–9. [PubMed: 20040677]

28. Bril V, England JD, Franklin GM, Backonja M, Cohen JA, Del Toro DR, Feldman EL, Iverson DJ,
Perkins B, Russell JW, Zochodne DW. Evidence-based guideline: treatment of painful diabetic
neuropathy--report of the American Association of Neuromuscular and Electrodiagnostic
Medicine, the American Academy of Neurology, and the American Academy of Physical
Medicine & Rehabilitation. Neurology. 2011; 77(6):1758–65. [PubMed: 21482920]

29. Boulton AJ, Malik RA. Diabetic neuropathy. Medical Clinics of North America. 1998; 82(4):909–
29. [Review] [125 refs]. [PubMed: 9706126]

30. Pecoraro RE, Ahroni JH, Boyko EJ, Stensel VL. Chronology and determinants of tissue repair in
diabetic lower-extremity ulcers. Diabetes. 1991; 40:1305–13. [PubMed: 1936593]

31. Figueroa-Romero C, Sadidi M, Feldman EL. Mechanisms of disease: the oxidative stress theory of
diabetic neuropathy. Reviews in Endocrine & Metabolic Disorders. 2008; 9(4):301–14. [Review]
[147 refs]. [PubMed: 18709457]

32. Russell JW, Berent-Spillson A, Vincent AM, Freimann CL, Sullivan KA, Feldman EL. Oxidative
injury and neuropathy in diabetes and impaired glucose tolerance. Neurobiology of Disease. 2008;
30(3):420–9. [PubMed: 18424057]

33. Charles M, Ejskjaer N, Witte DR, borch-Johnsen K, Lauritzen T, Sandbaek A. Prevalence of
neuropathy and peripheral arterial disease and the impact of treatment in people with screen-
detected type 2 diabetes. Diabetes Care. 2011; 34:2244–9. [PubMed: 21816977]

34. Abbott CA, Chaturvedi N, Malik RA, Salgami E, Yates AP, Pemberton PW, Boulton AJ.
Explanations for the lower rates of diabetic neuropathy in Indian Asians versus Europeans.
Diabetes Care. 2010; 33(6):1325–30. [PubMed: 20215455]

35. Adler AI, Boyko EJ, Ahroni JH, Smith DG. Lower-extremity amputation in diabetes. The
independent effects of peripheral vascular disease, sensory neuropathy, and foot ulcers. Diabetes
Care. 1999; 22(7):1029–35. [PubMed: 10388962]

36. Boyko EJ, Ahroni JH, Stensel V, Forsberg RC, Davignon DR, Smith DG. A prospective study of
risk factors for diabetic foot ulcer. The Seattle Diabetic Foot Study. Diabetes Care. 1999; 22(7):
1036–42. [PubMed: 10388963]

37. Margolis DJ, Taylor LA, Hofstad O, Berlin JA. Diabetic neuropathic foot ulcers and amputation.
Wound Rep Reg. 2005; 113:230–6.

38. Margolis DJ, Hofstad O, Feldman HI. Association between renal failure and foot ulcer or lower-
extremity amputation in patients with diabetes. Diabetes Care. 2008; 31(7):1331–6. [PubMed:
18390800]

39. Van Gils CC, Roeder B. The effect of ankle equinus upon the diabetic foot. Clinics in Podiatric
Medicine & Surgery. 2002; 19(3):391–409. [Review] [66 refs]. [PubMed: 12379973]

Margolis et al. Page 10

Wound Repair Regen. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



40. Lavery LA, Hunt NA, Ndip A, Lavery DC, Van HW, Boulton AJ. Impact of chronic kidney
disease on survival after amputation in individuals with diabetes. Diabetes Care. 2010; 33(11):
2365–9. [PubMed: 20739688]

41. Freeman A, May K, Frescos N, Wraight PR. Frequency of risk factors for foot ulceration in
individuals with chronic kidney disease. Internal Medicine Journal. 2008; 38:314–20. [PubMed:
18005131]

42. Boulton AJM, Gries FA, Jervell JA. Guidelines for the diagnosis and outpatient management of
diabetic periperal neuropathy. Diabetes Review. 1999; 7:237–44.

43. Anfreasen CH, Morgensen MS, borch-Johnsen K, Sandbaek A, Lauritzen T, Almind K, Hansen L,
Jorgensen T, Pedersen O, Hanson D. Lack of association between PKLR rs3020781 and NOS1AP
rs7538490 and type 2 diabetes, overweight, obesity, and related metabolic phenotypes in a Danish
large-scale study: case-control studies and analyses of quantitative traits. BMC Medical Genetic.
2008; 9:118–26.

44. Hu C, Wang C, Zhang R, Ng MC, Bao Y, Wang C, So WY, Ma RC, Ma X, Chan JC, Xiang K, Jia
W. Association of genetic variants of NOS1AP with type 2 diabetes in a Chinese population.
Diabetologia. 2010; 53(2):290–8. [PubMed: 19937226]

Margolis et al. Page 11

Wound Repair Regen. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Margolis et al. Page 12

Table 1

Baseline characteristics (raw number and percentage) for those with and without a lower extremity amputation
(LEA).

White N=1550 African-American N=1490

No LEA LEA No LEA LEA

Subcohort N(%) 1481 (95.6) 69 (4.4) 1397 (93.8) 93 (6.2)

Women N(%) 603 (96.0) 25 (4.0) 731 (95.9)
31 (4.1)

^

Age by category N (%)

<40 106 (98.2) 2 (1.8) 97 (94.1) 6 (5.8)

>=40 - <50 169 (98.8) 2 (1.2) 170 (95.0) 9 (5.0)

>=50 - <60 376 (93.3) 27 (6.7) 424 (92.6) 34 (7.4)

>=60 - <70 578 (95.8) 25 (4.2) 516 (93.6) 35 (6.4)

>=70 252 (95.1)
13 (4.9)

* 190 (95.5) 9 (4.5)

Diabetes N (%) 569 (90.8)
58 (9.2)

^ 690(89.4)
82 (10.6)

^

eGFR ml/min/1.73m2

mean (sd) 44.0 (12.8)
39.2 (10.4)

# 43.9 (13.9)
39.5 (13.9)

#

eGFR > 60 N(%) 150 (98.7) 2 (1.3) 177 (95.7) 8 (4.3)

eGFR 30 – 60 1086 (95.4) 52 (4.6) 977 (94.4) 58 (5.6)

eGFR < 30 245 (94.2)
15 (5.8)

* 243 (90.0) 27 (10.0)

ABI mean (sd) 1.11 (0.2) 1.11 (0.4) 1.06 (0.2)
0.99 (0.2)

*

ABI <0.90 N(%) 139 (90.8)
14 (9.2)

^ 210(90.51)
22 (9.4)

*

Diagnosis of PVD N(%) 71 (71.0)
29 (29.0)

^ 83 (75.5)
27 (24.5)

^

BMI mean (sd) 31.1 (7.4)
34.0 (8.2)

# 33.4 (8.3) 34.0 (8.1)

Significant testing for comparisons between those with and without LEA. Categorical variables assessed with respect to trend. p-values

*
<0.05

#
≤ 0.002

^
≤ 0.0002
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Table 2

Overall NOS1AP SNP frequency in a give cohort. MAF (minor allelic frequency) are presented for the CRIC
study and for the appropriate HapMap studied populations release #28; CEU- Utah residents of European
ancestry and YRI-Yoruban residents from Ibaden, Nigeria.

White African-American

rs1963645 (A>G) rs6659759 (T>C) rs16849113 (C>T) rs880296 (C>G)

Wildtype 589 (38.0%) 611 (41.0%) 447 (30.0%) 560 (37.6%)

Heterozygote 729 (47.0%) 703 (47.2%) 758 (50.9%) 731 (49.1%)

Homozygote 232 (15.0%) 176 (11.8%) 285 (19.1%) 199 (13.4%)

MAF 0.385 0.354 0.446 0.379

MAF (HapMap) 0.333 (CEU) 0.394 (YRI) 0.483 (YRI) 0.391 (YRI)
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Table 5

The odds ratio of association with 95% confidence intervals of our SNPs of interest with respect to loss of
protective sensation (LOPS) in those with diabetes.

Diabetes

rs1963645 White 16.97 (2.38, 120.97)

rs6659759 African American 3.02 (0.82, 11.12)

rs16849113 African American 3.62 (1.11, 11.83)

rs880296 African American 1.56 (0.51, 4.77)
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